Abstract: It is currently difficult to obtain accurate fine dust information in residential areas due to 11 the insufficient number of air quality monitoring systems and spatial imbalances. Therefore, a 12 detailed particulate matter dispersion model including factors such as land use and meteorological
Introduction

28
Atmospheric pollution is a major environmental issue that has critical impacts on society, the 29 economy, and human health [1] [2] [3] . Especially in urban areas, various atmospheric pollutants are 30 generated in increasing amounts due to various types of land use and human activity. The severity of 31 atmospheric pollutants is also growing in South Korea due to the development and revitalization of 
Study Site
99
The study site was Daejeon Metropolitan City, which is located in the central region of South
100
Korea. Daejeon is a large city with a high population density. As one of the five largest metropolitan 
106
The study site was divided into grids with a minimum size of 50 m, which includes the scale at 107 which the dispersion and movement of atmospheric pollutants in the city can be examined. Each grid 108 was analyzed to deduce its fine dust concentration. In meteorological modeling, meteorological observation dates, land coverage, digital elevation 119 models (DEMs), and 3D buildings are used as input data. Meanwhile, in Lagrangian particle 120 dispersion modeling, land coverage, DEMs, 3D buildings, and emission sources (points and areas) 
109
Particulate Matter Dispersion Modeling
144
The form of depends on L, and a functional formula presented previously was applied in
145
this study [14] [15] [16] . * and are meteorological variables, but they must be calculated based on 146 meteorological observations because they are not physical quantities measured at weather 147 observation stations. can be calculated using the following equation:
149
Here, is the air density, is the specific heat at constant pressure, is the observation 150 temperature, * is the friction velocity, k is the von Kármán constant, g is the gravitational acceleration
151
(9.8 m/s 2 ), and is the sensible heat flux.
152
H was obtained by employing an empirical formula presented previously [14, 17] . As shown in 153 Equation (2), * and are connected to one another, and because the value of just one of these
154
quantities cannot be calculated sequentially, an iterative scheme must be used to obtain the values of 155 both. In the iterative scheme described by Equation (1), is initially set to 0, and elevation and 
165
of 100 m from the ground were set as the morphological model domains.
166
The primary meteorological field was generated through meteorological diagnostic modeling in 167 the target sites, where flat areas, buildings, and structures were accounted for through the above 168 processes.
169
Complex terrain effect modeling was conducted to generate a secondary meteorological field.
170
Urban areas with significant mountainous terrain can be affected considerably by the terrain. The
171
terrain particularly affects the meteorological field adjacent to the ground surface. 
Kinematic effects reflect the tendency for airflow to form based on terrain, and w was calculated 186 using the following modified equation [22] :
188
Here, ⃗ is the horizontal wind speed vector ( , ), and is the vertical attenuation constant, which 189 changes based on the atmospheric stability.
190
The slope flow can be calculated using the following equation based on the airflow that occurs 191 due to differences in density along slopes [23] : 
198
Here, ℎ is the depth of the slope flow, is the gravitational acceleration, ∆ is the potential temperature loss that occurs due to surface cooling, is the elevation angle of a horizontal slope, is the frictional force drag coefficient of the ground, and is the model coefficient of the highest
201
point of a gradient current.
202
Blocking effects occur when the atmospheric layer is stratified in a stable form due to the surface 203 cooling effect, and airflow rotates on the peripherals rather than passing over the projecting terrain.
204
The effects of blocked flow in a given direction due to the terrain are reflected by the Froude number
205
[24], which can be calculated using the following equation:
207
Here, is the local Froude number, is the grid wind speed (m/s), is the Brunt-Vis frequency
208
(1/s), and ∆ℎ is the effective height (m) of the protruding terrain.
209
Lastly, the divergence minimization procedure must be considered. The divergence of the wind 210 field where the terrain effect is reflected must be kept close to 0. The divergence at each grid point 211 can be calculated using Equation (10):
213
Here, is the divergence (1/s) of grid point ( , , ), and ∆ and ∆ are the grid intervals (m) in 214 the and directions, respectively. The secondary meteorological field was generated through 215 complex terrain effect modeling in areas that account for complex terrain, such as mountainous 216 terrain, by employing the processes described above.
217
The primary and secondary meteorological fields were used to generate the final meteorological 218 field, as shown in Equation (11): 
230
Lagrangian particle dispersion models are popular tools for simulating the dispersion of trace 231 gases, aerosols, or radionuclides in the atmosphere [25] [26] [27] [28] [29] . These models are primarily utilized as 232 atmospheric diffusion models and as sophisticated models for calculating changes in wind direction.
233
Due to topographic characteristics and chemical changes in pollutants based on time, they can trace 234 the migration of air masses [14] . In Lagrangian particle dispersion modeling, particle movements 
239
Here, , , and are the Langrangian time scales of the , , and z directions, respectively,
240
which can be defined as in Equation (13):
244
Here, , , and are the turbulent energies (m 2 /s 2 ) in the x, y, and z directions, respectively. 
252
The movement and dispersion of fine dust change continually based on the wind direction, wind 
256
"Good" when it is 0-15 μg/m 3 , "Moderate" when it is 16-35 μg/m 3 , "Unhealthy" when it is 36-75 257 μg/m 3 , and "Very Unhealthy" when it is over 76 μg/m 3 , while that of PM10 is designated as "Good"
258
when it is 0-30 μg/m 3 , "Moderate" when it is 31-80 μg/m 3 , "Unhealthy" when it is 81-150 μg/m 3 , and
259
"Very Unhealthy" when it is over 151 μg/m 3 . These are the fine dust concentration standards 260 currently provided to citizens and are similar to those advised by developed nations and the World 
283
Here, is the distribution area by fine dust concentration, and is the population.
In the simulations conducted in the present research, the variables were implemented to model 
Comparison and Analysis of Existing Methodology
333
Comparison and Analysis of Fine Dust Concentration Maps
334
The fine dust information that is provided to citizens is received from the AQMS closest to the 335 query location. This existing methodology was employed to generate concentration maps using GIS
336
Euclidean distance measurements. The maps for the four investigated areas were constructed by
337
Euclidean distance measurement with the four AQMS devices in the target sites as starting points.
338
The concentration maps created through particulate matter dispersion modeling according to 339 the method developed in this study were generated based on the fine dust concentrations of over 352 379 
385
indicate that approximately 2% of the sections have "Very Unhealthy" concentrations, but these
386
regions constitute an area of roughly 800,000 m 2 , the majority of which is residential. The spatial 387 interpretation will be addressed in greater detail in section 4. In case 3 of Table 3 , the "Unhealthy"
388
areas comprise approximately 43% according to the existing methodology, indicating restrictions on 389 outdoor activities and ventilation, but these areas constitute only about 2% in the modeling results.
390
In case 4 of Table 3 , the overall target site is at a "Moderate" level according to the existing 
Comparison and Analysis of Population Exposed to Fine Dust
395
The populations exposed to PM2.5 according to the existing methodology and PM2.5 dispersion 396 modeling were also compared. Figure 10 depicts the areas where people live on the PM2.5 397 concentration maps constructed using the existing methodology and PM2.5 dispersion modeling. In 398 map 1, all of the people are exposed to "Moderate" concentrations, according to the existing 399 methodology, but based on the modeling results, approximately 100,000 people are exposed to
400
"Unhealthy" and "Very Unhealthy" concentrations. In map 2, approximately 100,000 people are 401 exposed to "Good" concentrations, according to the existing methodology, but the modeling results
404
Figure 9. Comparison of populations exposed to different PM2.5 concentrations, according to the existing 405 methodology and PM2.5 dispersion modeling.
406
Similarly, the populations exposed to PM10 according to the existing methodology and 407 dispersion modeling were compared. Figure 11 depicts the areas where people live on the PM10 408 concentration maps constructed using the existing methodology and dispersion modeling. In map 1,
409
no one is exposed to "Good" or "Very Unhealthy" concentrations, according to the existing 410 methodology, but the modeling results show that more than 70,000 people are exposed to "Good" 411 levels and more than 10,000 are exposed to "Very Unhealthy" levels. In map 2, all of the population 412 is exposed to "Moderate" concentrations, according to the existing methodology, but the modeling 413 results show that the population is exposed to all concentration levels.
414
Figure 101. Comparison of populations exposed to various PM10 concentrations, according to the existing
In the particulate matter dispersion model developed in the present study, the meteorological
420
and Lagrangian particle dispersion models are utilized to determine the dispersion of fine dust in 421 urban areas. Differences were observed between the fine dust concentration maps created using this 422 model and those currently provided to citizens. 
439
Kriging and IDW are spatial statistics methods based on GIS, but these methods would not have been
440
able to reflect the characteristics of the target sites in this study, such as land use or emission source.
441
Recently, high-dimensional data analysis methodologies have also been employed. Kleine 
450
methods to deduce fine dust concentrations could be meaningful.
451
The Lagrangian particle dispersion model used in the particulate matter dispersion model that 
489
around 70% of the entire population was exposed to those levels. Similarly, the PM10 concentrations
490
on January 14, 2018, in Figures 9 and 11 reveal that while only 10% of the target area had poor PM10
491
concentrations, over 40,000 people were exposed to those concentrations.
492
To achieve cities that are free from fine dust, the creation of sustainable cities and environmental
493
planning based on the above results that account for land use and exposed populations is necessary, 
504
able to provide the detailed spatial distributions of fine dust concentrations and exposed populations.
505
As the harm caused by fine dust is becoming more severe worldwide, this research will contribute to 506 sustainable urban and environmental planning.
507
Since the emission information used in the particulate matter dispersion model developed in
508
this study was survey data rather than real-time observations, future studies should be conducted 509 using real-time observations. In addition, when exposed populations are calculated in future studies,
510
smartphone data should be employed, and the exposed population should be calculated by taking 511 into account current location rather than place of residence.
512
Above all, to provide fine dust concentrations, such as those deduced in this study, through 513 smartphones or websites in real time, research and technical skills related to data connections,
514
algorithm loading, and communications are needed from an information systems perspective, and 515 systems and policies that can contribute to sustainable urban environments should be considered. 
522
Conflicts of Interest:
The authors declare no conflict of interest.
523 524
